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TECHNICAL NOTE L4017

MOMENTUM TRANSFER FOR FLOW OVER A FIAT
PIATE WITH BLOWING

By H. S. Mickley and R. S. Davis

SUMMARY

The effect on the boundary leyer of blowing air through s porous
flat plate into & maein airstream flowing parallel to the plate was
studied experimentally. Measurements were made of veloclity profiles
and wall frietion coefficients. Main-stream velocities ranging from
17 to 60 feet per second were used, the main-stream Euler number was

zero, and a length Reynolds number Ry variation of & x 10% to 3 x 106
was Investigated. The dimensionless ratio vo/‘ul of blowing velocity

to main-stream velocity was maintained constant, independent of length,
in a given experiment. Values of vo/ul of 0, 0.001, 0.002, 0.003,
0.005, and 0.010 were used. The experimental results were compared with
the resulits of earlier work and significant differences were observed.

In particular, at the same values of Vo/ul and Ry, the present experl-
ments result in friction coefficients 15 to 30 percent smaller than those
reported earlier.

The observed friction coefficilents are predlcted by mixture-length
theory if the Reynolds number at the outer edge of the laminar sublayer
is permitted to vary with vp/up.

INTRODUCTION

This report covers work carried out at the Massachusetts Institute
of Technology under the sponsorship and with the financial assistance of
the Netional Advisory Committee for Aeronautics. The results presented
herein deal with the effect on the turbulent boundary layer of blowing
gas through a porous flat plate into a main airstream flowing parallel
to the plate.

An earlier report (ref. 1) has presented the results of experimental
measurenments of boundary-layer velocity and temperasture profliles and wall
friction and heat transfer coefficients for flow over a flat plate with
blowing or suction and with blowing and main-stream acceleration. The
experiments of reference 1 were mede using air as both the main-stream
and blowing or suction fluid. The present work was undertaken with the
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intentlon of exploring the effect of blowing a gas other than sir through
the porous wall and into the mein airstream. Experiments were carried
out in which a helium-air mixture was blown through the porous wall and
into the main airstream. Anslysis of these experimental results showed
that the equipment was not behaving properly. Material balences would
not close and the measurements were not reproducible. When this situa-

tion became apparent, the primary experiments were stopped and an invesg- |

tigation of the cause of the anomalous behavior of the tunnel started.
Prolonged work finally uncovered the source of the trouble. A glass
heater cloth, supposedly securely fastened to the back side of the screen
forming the porous wall, hed become slack 1n certain regions. This per-
mitted fluld from the main stream to flow behind the porous wall. The
flow by-pass passage thus formed was only 0.0l to 0.03 Inch deep, but

ites effect was readily discernible in the material balances. This tunnel
defect was eliminated by removal of the heater cloth. This seriously
restricted the capability of the tunnel with respect to heat transfer
measurements. Following this alteration of the tunnel, checks of the
tunnel operation gave satisfactory results.

The discovery of the tummnel defect raised questions concerning the
reliability of some unpublished results as well as of the work reported
in reference 1. Consequently, it was decided to delsy the original
program and to repeast some of the earlier work in which air was blown
through the porous wall and into the mein eirstream. This report deals
with new measurements of velocity profiles and wall friction coefficients
in a turbulent boundary leyer formed by the interaction of a uniform=-
velocity main stream flowing parallel to a porous wall through which air
is blown normal to the mein stream. These results are compared with
earlier work and with the predictions of verious theories.

SYMBOLS

The unite reported are those directly measured in the experimental
work.

ce local friction coefficient, 27, fo1u;2
x o
E Euler number, dx _ é?'dxl -
P12 ML -
H .ratlo of displacement to momentum thickness, 8;/9

K . mixture-length constant

1%
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dimensionless distance Into boundary, y/5

static. pressure

length Reynolds number, ujXp/u
boundary-layer-thickness Reynolds mumber, uy8p/u
momentum~thickness Reynolds number, ulﬁp/u

slope of relation between & and 8 (see eq. (25))

local velocity in x direction, fps

main-stream velocity, fps

friction veloeity, wujyep/2, fps
dimensionless velocity ratio, wu/ur
Reynolds number at outer edge of laminar sublayer, uapya/u_

local velocity in y direction, fps

distance downstream from leading edge of plate measured
parallel to plate, in.

normal distance from plate, in.

P u\er/2 ¥

dimensionless distance, m

dimensionless profile factor, ujfuy

boundary-layer thickness, somewhat indefinite distance to
outer edge of boundary layer, in. ;

displacement thickness of boundary lasyer (see eq. (2)), in.

99-percent thickness of boundary leyer; defined as value
of y et which wufu; = 0.990, in.

momentum thickness of boundary layer (see eq. (1)}, in.

local shear stress
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Subscripts:
& conditions at outer edge of lamlnsr sublayer
o] conditions at wall where y =0 .

EQUIPMENT USED IN EXPERIMENTAL STUDIES

The experimental epparatus used in these studies is shown in fig-
ure 1. The apparatus was designed to simulate two-dimensional flow over
a porous flat plate with both suction and injection of material into the
boundary leyer. Provision was also made to study accelerated flow by
means of a flexible bottom wall used to change the cross-sectional area
of the tunnel.

The detalls of the eguipment are described in reference 1. Only
the main festures of the spparatus and the revisions mede ss & result
of the present work will be reported here.

The main-stream air is supplied by a céntrifugsl blower (see fig. 1)
t0 & calming section 2 fitted with & honeycombt of meiling tubes designed
to reduce vortex motion and turbulence. The calming chamber discharges
into a nozzle 3. The air from the calming chamber then enters the tun-
nel 4 which has & rectangular cross section. The top wall of the tun- .
nel 5 is used as the test wall. This 1s made from 80-mesh Jelliff
Lectromesh screen 0.004 inch thick. The top wall is roughly 12 feet
long and 1 foot wide. The space behind the test wall is divided into
15 separate compartments. Bach compartment has its own independent gas
gupply line. Provision is made for boundary-lasyer removal immediately
upstreem of the leading edge of the test wall 6 in order to simulate a
sharp leading edge on a flat plate. The bottom wall of -the tunnel 1s
flexible and mounted on a ladderlike support which can be adjusted by
screw jacks 7. This arrangement was used to obtain constant main-stream
velocity by adjusting the tunnel area. Openings were provided in the
bottom wall at various iIntervals for insertion of the traversing gear
used in measuring profiles in the boundary layer.

The alr issuing from the flow divider at the tunnel exit is allowed
to discharge into the atmosphere. The long metal duct 8 (see fig. 1) is
used for air intake. This technique gives better control of boundary-
layer removal and also reduces fluctuetions in main-stream velocity by
stabilizing the flow at the fan inlet.

The slote provided in the side wall to allow for boundary-layer
removal were completely closed off. This was done to insure further
two-dimensional flow. Clauser (ref. 2) has reported heving extreme

s}
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difficulty obtaining two-dimensional flow because of boundary layers
mligrating out of the tunnel through small slots in the test wall.
Admittedly, adverse pressure gradients were used in his work, but it
was decided not to risk this added difficulty.

The flow divider was used to control the static pressure level in
the tunnel and also the pressure distribution. It was found that with-~
out the flow divider +the boundary layer was noticeably thinner near the
outlet of the tunnel than would be expected. It was concluded that end
effects were propagating back up the tunnel because of the nonuniform
egress of the air from the tunnel. When the flow divider was installed
this effect was eliminated.

When fluids other than air were blown into the boundary lsyer, gas
of the desired composition was prepared by continuously mixing metered
streams of the second fluid (helium) and air in an external mixing sec-
tion. This mixed gas was then supplied and separstely metered to each
compartment along the top wall. Perliodically, a gas sample was taken
from each compartment supply line and analyzed. The results of the
analysis were in excellent agreement with the composition calculsted
from the measured flow rates of the helium and airstreams.

The first measurements made with helium and air mixtures blown into
the main airstream showed that the tunnel was not behaving properly.
Material balances failed to close to within the estimated experimental
errors, and measurements made on different days under supposedly the
same operating conditions differed by e small but nevertheless signifi-
cant amount. Every aspect of the tunnel was carefully examined. Finally,
it was found that velocity profile measurements made with very small
and carefully calibrated probes indicated a finite velocity at the wall.
Disassembly of the top wall revealed that the woven Fiberglas Nichrome
wire heating cloth (shown as item 9, section AA of fig. 1) had become
slack. As a result, a passage was formed which permitted fluid to flow
behind the porous screen parallel to the direction of main-stream flow.
In order to eliminate these channels, the Fiberglas cloth was removed.
Fine glass beads 0.0l1l inch in dlameter were poured into each compart-
ment until a uniform layer 5/h ineh thick rested directly on top of the
Lectromesh screen. Subsequent checks of the tunnel indicated that this
alteration had solved the problem. Material balances now closed. The
measurements were reproducible at will. Velocity profiles extrapolated
to zero at the wall. No three-dimensional effects could be discerned.

The removal of the glass heater cloth had one serious disadvantage.
The top wall could not be heated without blowing hot gas through the
compartment. It appeared that major construction changes would be _
required to retain this feature. Consequently, it was deecided to post-
pone heat transfer measurements until time permitted a new top wall to
be built.
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EXPERIMENTAL PROCEDURE i

The basglic experimental procedure was as follows:
(l) Main-stream velocity was set by means of fan speed.

(2) Boundaery-layer removal was adjusted by means of a throttle
located in the air-intake line. - -

(3) The bottom wall was adjusted to make dp/dx or duy/dx equal
Zero.

(4) The blowing ges (if any) was turned on. The mass transfer dis-
tribution was adjusted by means of the valves in each line supplying air
to each compartment.

(5) Profiles were messured at nine different x positions along
the top wall with the tunnel operating at steady state.

RANGE OF MEASUREMENTS

The experimentesl measurements reported here deal solely with the
momentum~transfer process in a turbulent boundary layer formed by blowing
air through a porous flat plate into a main airstream flowlng st constant
mein-stream velocity parallel to the plate. '

The work completed to date using a gas other than air as the injected
£luid has been exploratory in nature. The data obtained are too fragmen-
tary to werrant publication at this date.

Ixperimental measurements are reported for the following range of
flow conditions:

M&in-s’tream VelOCity, ul’ fpﬂ ¢ e e e s & s 6 & & o & s s o o 17 'tO 60
Length Reynolds nmumber, Ry « « « s « s « s o s « » « « » 0.4 to 30 X 105
Blowing velocity, vg, fP8 . . . . o o . o . oo . o . ¢ . 0.03 to 0.25
Dimensionless blowing ratio, vo/fuy « ¢ « o ¢« o « « « . « . . 0 to 0.010

Runs were made at Vb/ul 0, 0.001, 0.002, 0.003, 0.005, and 0.010.

Air wes the only msterial injected into the boundary lsyer. At each
blowing ratio v,/u;, at least two different velues of u; were used in

order to see if vb/ul was truly a correlating parameter for the skin-

friction data rather than some other function of vgy. Previous work had
not been conclusive on this point. ) -
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CODE USED TO DESIGNATE EXPERIMENTAT DATA

The following system was used toc deslgnate a run. The first letter C
indicates the fact that the main-stream velocity was constant, as it was
in all runs reported. The second group gives the value of the dimension-

less blowing ratio Vo/ul miltiplied by 103. The third group is the
approximate average value of the main-stream velocity at which the run
was made. The product of the second end third groups gives the value
of vy used in that particular run.

Thus, C-1-50 is a run made at constant mein-stream velocity with

vo/ul =1 X 10~3 at a main-stream veloclty u; of 50 feet per second
with v = 0.05 foot per second; C-0-50 is a run with a constant main-
stream velocity wu; of 50 feet per second with vo/ul = O.

MEASUREMENT AND CALCUIATION TECHNIQUE

Velocity Profiles

Boundary-layer velocity profiles were measured at nine different
x stations along the top wall. Depending on the boundary-layer thick-~
ness, 15 to 30 profile pointe were teken at each station. Two separate
measurements of the static pressure were made at each station. One was
made using the wall static taps and the other by use of a static probe
inserted into the main stream. No significant pressure gradient was
observed in the y-dlrection by this technique.

A specially constructed flat probe was used to obtain impect pres-
sures in the boundary layer. The measured lmpact pressures were used to
calculate velocities in the boundary layer. The probe was made as fol-
lows. A short piece of nickel tublng with an ocutside diameter of
0.025 inch and 0.0025-inch wall thiclkness was flattened into a broad
narrow tip. The probe tip was 0.008 inch high with an opening of
0.003 inch and 0.0025~inch walls. This made a small probe capable of
measuring within 0.004 inch of the wall or to y' wvalues of the order
of 2 to 6. The tip was then silver soldered to progressively larger
sizes of stainless tubing until an inside diemeter of 0.25 inch was
reached. The length of very small tubing was kept to a minimum and with
this system the response time proved to be excellent.

The impact pressures used in calculating the velocity profiles were
measured by meens of Prandtl type micromesnometers using n-heptane as the
measuring fluid. These could be read to within +0.0005 inch of n-heptane.
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One mznometer was used to measure the profile impact pressures and another
used to measure the tunnel main-stream velocity. This latter manometer
was used to facilltate setting and adjusting the main-stream velocity and
to hold it constent during a rum.

The reference pressure for the profile manometer was atmospheric.

The msin-stream velocity menometer was referenced to the tunnel static
pressure so that it gave a direct measure of tumnel velocity wuj. The

probe was brought into contact with the top wall by means of en electronic
contact indicator. With this device the y = O point could be reproduced
within +0.0005 inch.

Boundary-Layer Thickness

The measured velocity profiles were used to calculate the boundary
layer momentum thickness .

o- ), Al -y ®

and the boundary-layer displacement thickness

ey b ®

at each station. The integrations were performed on an Internstional
Business Machines Corp. digital computer. All of the raw data points
were used to evaluate the integral quantities.

Frictlion Coefficlents
Local friction coefficients were evaluated by means of the Von Karman

momentum equation with the terms involving products of the fluctuating
velocity components neglected:

v du T c
1
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It 1s believed that except in the vicinity of the separation point or
at very high blowing rates the fluctusting terms may be safely neglected.
In the present experiments dul/dx was approximately zero.

EXPERTMENTAT, RESULTS

Veloclty Profiles

Experimental data.- Velocity profiles were measured under the experi-
mental conditions shown in table I. The test fluid used for both main and
blowing streams was air. Traverses were made at selected stations varying
from 11.17 to 96.55 inches from the leading edge. In any given run both
the main-stream velocity and the local blowing veloclty were maintained
essentlally constant and independent of distance from the leading edge.

In order to test the validity of Vb/ﬁl as & correlating parameter, meas-

urements were mede for a fixed value of vgp/uy; in at least two separate

runs employing significantly different main-stresm velocities. The com-
plete velocity profile measurements are tabulated in table II.

Accuracy of measurement.- The reproducibility (precision) of a veloec-
ity measurement reported here is

o a8 ®
u

where u is measured iIn feet per second. This precision is better than
that obtained in earlier work reported in reference 1 and results from
improved techniques. Near the wall, the asccuracy of the velocity meas-
urements is poorer than that indicated by equation (U4).

Near the wall, the interpretation of impact-tube measurements is
not well understood. Even when the impact-tube Reynolds number is greater
than 30 (as was always the case in the present work), the presence of a
wall seems to affect the impact-tube calibration. Preston (ref. 3) has
observed that near a wall the fluid velocity is proportional to the impact
pressure to the 7/8 power. Trilling and Hakkinen have shown in an unpub-
lished pasper that when the probe is completely immersed in the laminar
sublayer, the velocity is proportional to the 3/5 povwer of the impact
pressure. The conventional pitot-tube expression, based upon Bernoulli's
equation, assumes the velocity to be proportional to the square root of
the lmpsct pressure. These findings cast considerable doubt on any con-
ventlonal interpretation of an impact-tube reading msde in or partly in
the laminar sublayer. 1In view of the fact that additionsl uncertsainties
are introduced by blowing, no attempt was made to alter Bernoulli's equa-
tlon when applied to impact measurements mede in the sublayer.
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The position of the probe with respect.to the wall was also subject
to some uncertainty. The value of y reported in teble II is the dis-
tance from the center of the probe opening to the wall. This value is
uncertaln by t0.001 inch. Near the wall, the effective probe center is
displaced relative to the geometric center as @ result of the transverse
velocity gradients. This factor also reduces the relisbility of measure-~
ments made in or partly in the laminar sublayer.

It is believed that the errors due to turbulent fluctuations and
probe ysw were not importent.

Momentum and Displacement Thickness

The measured velocity profiles were used in conjunction with eque-
tions (1) and (2) to calculate the values of the momentum thickness ¥
and displacement thickness 8; by means of numerical integration with

the aid of a digital computer. The resulting values of 9 and 87 are
tabulated in table I.

The reproducibility of 8 and 3 is estimated to be

My 1.8 (5)
81 u12

_A_'g =~ lé ,(6)
3 u12 - .

vwhere uj ig in feet per second. The errofs in 81 and 4§ sare some-

what greater than equations (5) and (6) indicate. This is due to the
fact that, although reproducible, the absolute values of. the velocity
near the wall are uncertain.

Local Friction Coefficients

Values of the local friction coefficlents were calculated from the
experimental data by means of Von Kirmin momentum equation (3). The
values are tabulated in table I. o )

The uncertainty in the calculated friction coefficients depends
upon the relative magnitudes of the terms on the right-hand side of the
momentum equation. In blowing runs, the lOcal friction coefficlent is

-
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obtained as the small difference between two quantities of the same mag-
nitude. 1In addition, one of these quantities (dﬂ/dx) is obtained by
differentiation of experimental results, & process which inherently
involves loss in precision. In the course of caleculating the friction
coefficients from the experimentel data, the precision of the final
result was estimated. These precision estimates are tabulated below.

Estimated precision
Run Bizzigg v:locity of friction coefficient,
» Vofw
percent
C-0-50; C=-0-60 0.000 110
C-1-30; C-1-50 .001 £12
C-2-25; C-2-50 .002 ’ +*15
C-3-17; C-3-33; C-3-50 .003 +30
C=5-203 C-5-40 .005 Friction data
C=5=303 C=5-50 highly uncertain
C-10-20; C=-10-26 ’ .01 Friction data have
no significance

For vy/u; velues above 0.003, the friction-coefficient date are

g0 uncertain that no reliable conclusions can be drawn from them. At
these high blowing rates, the data often indicated negative values of
the coefficients. However, the measured velocity proflles gave no evi-
dence of flow separation.

ANATYSIS AND DISCUSSION

Constant Main-Stream Velocility, No Blowing

Velocity profiles.- The veloclty profile data of run C-0-60 are
plotted in the form of u' as a function of log y' in figure 2. The
solid line shown represents the relation

u! = 5.6 log y' + 4.9 (7

which Clauser (ref. 2) has shown to be in excellent agreement with the
smooth-plate data of Iudweig and Tillmenn (ref. 4), Klebanoff and Diehl
(ref. 5), Freemsn (ref. 6), and Schultz-Grunow (ref. T) over the range

20 = y' = b0O. There is good reason to believe that turbulent-boundary-
layer data obtained from smooth-plate flow should follow equation (7)
over the range indicated. The present date fulfill this condition, indi-
cating that the tunnel behaved like a smooth plate and that the present
megsurenment technliques were adequate.
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A second comparilson of the velocity profile date obtained in +this
investigation with the results of. others is shown in figure 3. Here,
1 - fuyu)
the velocity defect ——————— 4158 plotted as a function of y/B for
ch/z '
run C-0-60; & is the boundary-layer thickness, and, following Clauser
(ref. 2), is taken to be

S = 3.651 (8)
ch/e

where 83 1s the displacement thickness. The area enclosed by the lines

in figure 3 encompasses the date given in references 2 and 5 to 8vfor
constant-pressure turbulent-boundary-layer proflles for both smocoth and
rough walls. The avallable evidence suggests that this plot ig a uni-
versal correlation of constant-pressure boundary-leyer profiles. The
data obtained in the present work follow this relation.

Friction coefficients.- The measured local friction coefficients for
211 no-blowing runs are shown plotted as a function of length Reynolds
number Ry in figure 4. The solid line represents the relation

ez/2 = %%9 (9)
Rx .

Although empirical, over the Reynolds number range of this work egua~
tion (9) is a good representation of availeble flat-plate, constant-
pressure flow data. The agreement between the observed friction coef-
ficients and the data of other workers is good.

The comperison of the no-~blowing boundary-lsyer data obtained in
this study with the work of others strongly suggests thet the tunnel
test wall behaved like a smooth flat plate and that the messurement
techniques were adequaete. It appears that the tunnel modifications
guccessfully eliminated the anomalous behavior noted early in the work.
It is believed, however, that the results reported in reference 1 were
influenced by tunnel sberrations. In the previous work, the experi-
mentally determined friction coefficiente for no blowing were about
15 percent higher than those observed here.
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Constant Main-Stream Veloecity, Blowing

Velocity profiles.~ Typical velocity profiles are shown in fig-
ures 5(a), 5(b), 6, and 7. In these plots, the ordinate is B=nufu

and the abscissa is n = y/g where & is the value of ¥y at which
u/tll = 009%0

Figure 5(a) presents the dats of run C-3-50, corresponding to
vo/ul = 0.003, and figure 5(b) presents the data of run C-5-20, corre-

sponding to Vb/ul = 0.005. Examination of these profiles shows +that

for a given blowing ratio the dimeneionless profiles are not strictly
gimilar but form a clustered family.

Figure 6 compares the profiles obtained for run C-3-50 at sta-
tion H (Rx = T7.50 X 105), run C-3=-33 at station J (&x = T.hk x 105), and
run C-3-17 at station M (Rx = 7.40 x 105). Although the main-stream
velocities for these runs differ by a factor of 3, the comparison is
made at the same Reynolds number. (the that when vy/u; and Ry are
the same for different runs, the momentum-thickness Reynolds numbers Ry
and the boundary-lsyer-thickness Reynolds numbers Rg are also equal.)

When compared on this basis, the dimensionless velocity profiles sre
roughly similar.

Figure T illustrates the effect of blowing on the velocity profiles.
Fach curve represents a different value of vo/hi. However, the boundary-

layer-tﬁickness Reynolds number Rs is roughly +the same for all the

curves. The effect of blowing is clear. At a given value of m = y/S,
increasing the blowing ratio Vb/ul results in a significant reduction

of B = u/ul.

Lo (/M)
In view of the correlating success of & plot 6of — 0" gs a
functlon of y/a for the no-blowing case, this procedure was applied
to the blowing data. It was not successful. At a given value of Vo/ul

greater than zero, this method of plotting spread the profile dsta.

Friction coefficlents.- The measured friction coefficients are shown
plotted as a function of Reynolds number in figures 8(a), 8(b), 9(a),
and 9(b). In each case the ordinste is the local coefficient Cf/2 and

each curve corresponds to a fixed value of vy/u;. In figures 8(a)
and 8(b) the sbscisse is length Reynolds number Ryg; in figures 9(a)
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and 9(b) the abscissa is the momentum-thickness Reynolds number Rg.
Although the locsl. friction coefficients for -Vo/ul'= 0.005 are shown,
these date are highly uncertein and represent order-of-magnitude values
only. Either of the two correlating techniques is equally satisfactory.

These results strongly indicate that for constent-main-stream-velocity
flow at constant values of vg/uj, the local friction coefficient is

solely a function of the blowing ratio vgy/uy and a characteristic
Reynolds number.

Blowing hes a marked effect on the local frictlon coefficient.
At Ry = 105, for Vofuy = 0, cpf2 = 0.0018, while for vg/u; = 0.003,
cp/2 = 0.00038, & reduction, due to blowing, of & factor of 4.7 in the
local coefficient.

Figure 10 compares the present friction-coefficlent data with that
obtained before alteration of the tunnel. The so0lid lines correspond
to the present results, the dashed lines represent the constant-main-
stream-velocity date of reference 1. At given values of vo/ul and Ry,

the friction coefficients reported in the earlier work are significantly
greater than those observed after modification of the tunnel. The present
data are believed to be more reliable.

COMPARISON WITH THEORY

Mixture-Length Analysis

Rubesin (ref. 9) has presented a one-dimensionsl mixture-length
treatment of the effect of blowing upon a compressible, turbulent bound-
ary leyer. When both the maelin and injected streams are considered
incompressible and of the same composition, his results reduce to the
fellowing egquations: )

The formula for predicting the velocity profile for the laminar
sublayer (O <y's y'a) is

A\L/2

- EEI 1 1 4 You . 10)
V' =g loge(ly 4—) (10)

and that for predicting the profile for. the turbulent core nya < yd) is
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n\1/2 :
1°se‘L:-=3{‘—lI<1+v°“) -<1+"°ua> (11)
U,

The formula for predicting the friction coefficlent is

1/2
KR 1/2 1
log 9 e AT C sl (12)
© 1/2 Vo Yr
Vo s /2
y'a 1+
uryer/2

Combination of equation (12) and Von Kérmin momentum equation (3) gives,
for the special case of constant msin-stream velocity,

vo \1/2
lo Klce/2) (1 + ————mo
€e By (f/)<+u.r’__cf/2) =2Ku,r <l+___v‘9_l/2_é_+y_ou_'§_)l/2

yla VO ur Cf/E u_l_

(13)

In the above relations, the subscript & refers to conditions at
the outer edge of the laminar sublayer. It is assumed in the derivation
thet the junction between the sublayer and the turbulent core is shasrp;
that is, the thickness of the buffer layer is assumed to be zero. The
symbol K is the mixture-length constant.

For the no-blowing case, Rubesin tabulstes the values of K, u'g,
end y's which best fit the extensive turbulent-boundary-layer datea.
These vealues are tabulated below

Method of evaluation

Mixture-length | prom velocity profile From From
constants data (inner portion | cp-versus-Ry | cp-versus-Ry
of turbulent layer) data data
X 0.400 0.352 0.392
aly 11.5 12.6 13.1
v, ‘11.5 12.6 13.1
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It will be immediately evident that the numerical values of the mixture-
length constants depend upon the evaluation technique employed. These
differences are due to the insdequacies of the mixture-length theory
and to the mathematical espproximetions involved in the derivation. In
the case of blowing, experimental data must be used to determine the
best values of the mixture-length constants.

Examination of equation (11) shows thet if the theory is correct,
a plot of the measured velocity profiles in the form of logg y' versus

/ L 1/2 .
{l + ET ) should result 1n a straight line provided that only the

5,

turbulent portion of the boundary layer is considered. The slope of

' vou' 1/2
this line is 2Ku;/v, and the intercept at y' =1 is é.4--ft739 -

Yo logg y'a. The measured velocity profiles are plotted in this manner

2Ku,
in figures 11(a) to 11(d). A straight line of slope 2Kur/v, with

K = 0.400 has been fitted to the data in the vicinity of y' = 20 and

is shown as a solid line in the figures. Over the inner portion of the
turbulent boundary layer (10 € y' S 200) the theoretical line is a reason-
able representation of the velocity profile data. As expected, the data
depart from the mixture-length line in the outer portion of the turbulent
layer and in the sublayer region.

If a method of predicting the value of the Reynolds nunmber ug'yg'

at the outer edge of the laminer sublayer were avallable, the intercept
of the velocity profile could be determined from mixture-length theory.
In an attempt to establish a prediction technique, numerical values of
Ya's Ug', and ug'yg' were calculated for each measured veloclty pro-
file by the following procedure. The value of the mixture-length con-
stant K was taken to be 0.400 and equation (11) was fitted to each
profile. -This resulted in one relation between ug' and yg'. Intro-
duction of equation (10} then permitfted wug' and yg' +to be calculated
for each profile. -The accuracy of such calculetions wes poor. The
straight=1line plotting technique based upon equation (11) introduces the
experimental errors of both the veloclty profile measurements and the
local friction coefflcient. In addition, the precilsion of the calcula-
tion was low. Alternate fitting techniques gave results for a given
profile differing by as much as 10 percent. The following teble gives
the mean of the computed values for a fixed value of Vo /Uyt
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yal ual ualy.al'
Yo
Mean value Variation, Mean value Variation, Mean velue Variation,
percent percent percent

O 1105 - 1105 - 152 -
.00L 11.5 | 13 13.7 i5 157 8
002 - 11.5 3 18.9 7 217 110
.003 10.3 t6 26.1 £9 268 115
.005 5.9 pne) 35.0 t12 206 t22

The columns lsbeled "variation" give the variation found among the cal-
culated quentities from profiles cbtalned at a fixed value of v, Jug .

For example, at vq /ul = 0.005, the profilles examined gave values of
U, 'yy"' ranging from 161 to 251, that is, 122 percent from the mean

of 206. Inssmuch as errors mey be responsible for & large part of the
variation, quantitative conclusions are not warranted. Qualitatively,
Ug' end ug'yy' increase with increasing values of vo/u;. Despite

their poor accuracy, the results rather definitely indicate that ug’

and ug'yg' must be permitted to vary with vgy/u; if mixture-length
theory is used.

At a fixed value of vg/uy, Uug' tends to increase with increasing
length Reynolds number. The trend of ¥g' 1s less definite but it
appears to decrease with increasing Reynolds number. Values of ug' eand
of y,' obtained from one profile of a sequence often departed signifi-
cantly from the general trend. As a result, the values of ua'ya' fluc-
tuated widely and no definite trend of ug'y,' with Ry at constant
Vo/u1 could be discerned. The profile results suggest that ug'yg'
may be a function of v, /ul alone, but the data cannot be considered
to support this conjecture asdequately.

There is no assurance that the value of XK should be independent
of the blowing rate. The velocity profiles suggest that K increases
a8 Vo/u; 1s increased. However, below values of Vg, Jfuz of 0.005, any

effect is small. The strongest indication is found from the profiles
for vg/u; = 0.01. Although no friction data are availsble for this

case, the situation may be treated in the following way. For large
values of v,/uy, the data indicate that cp/2 is very small and in the

1§
Yo' > 3. Under such circum-

turbulent region of the boundary layer
stances, equation (11) reduces to
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Consequently, a plot of log, y versus Ql/ui)l/g should be a straight

line of slope 2K /;;/ul' Profiles for run C-10-26 are shown plotted in

this menner in figure 12. The solid lines represent a value of K = 0.400.
The dashed lines represent K = 0.550. The higher velue of K sappears to
be a better fit of the data.

The local-friction-coefficlent data were also employed to examine
the predictions of mixture~length theory. Equation (12) was compared
with the cg/2 and Ry date and equation (13) was compered with the

cr/2 and Ry data. In either case, the procedure used involved deter-

mining ‘the constants of the mixture-length eqguations from one experi-
mental vaelue of cp/2 et a fixed value of. vp/u; and Reynolds number.

The constants so determined were then used in the mixture-length expres-
sion and the predlcted values of Cf/2 were calculeted over the experi-
mental range of Reynolds number. The curves of Cf/2 versus Reynolds
number at fixed values of Vo/ul calculeted from the mixture-length

equations were then compared with the corresponding experimentel curves.
In every case it was assumed that sublayer relation (10) was valid; this
determined y'y in terms of u'g.

The relation between cf/z and Ry predicted by equation (13) was

tested first. The mixture-length constant X was teken to be 0.392,
the vaelue which best fits the extensive no-blowing deata. Numerical
values of u'y and y'y were then found by fitting equations (10)

and (13) to one data point at Ry = 106 for easch value of Vofui- It
was assumed then that at a glven value of Vo/ul’ u'y was constant.
Using this velue of u'y, the curve of cp/2 versus Ry was calculated

by meens of equations (10) and (13) over the range of experimental dste.
This technique did not result in setisfactory agreement between experi-
ment and theory.

In view of the indication given by the velocity profile data that
the subleyer Reynolds number u'py'y might be a function of vy /uy

only, this assumption was tried. Agein with K = 0.392, u'gy'y was
determined for each value of vg/u; by fitting equations (10) and (13)
to one experimental point at Ry =~ 100. The resulting values of u'egy'e
are shown plotted versus Vb/ul in figure 13. With the velue of u'ay'a

determined at each velue of Vo/ul from one experimentel point, the rest
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of the curve of cr/2 versus Ry was calculated by assuming u'py's to
be invariant with Ry at constant values of Vo/u1. A comparison of the
calculated and experimental curves is shown in figures 8(a) and 8(b). The
correspondence is good; the agreement between theory and experiment on
this basis is well within the experimental error. Further, the plot of
u'gy's versus vy/u; shown in figure 13 discloses a happy circumstance -
over the range 0.00L S vo/uy < 0.005, u'gy'y is linear in vy/uy; and
the relation

u'gy's = 195 + 2.5(10%) ({rO/ul) (15)

holds. For no blowing, equation (15) gives u'py'y = 195 or u'g =

¥'a = 13.96 which is 6.5 percent greaster then the customary value of
13.1. This discrepancy may well be due to the fact that no starting

length correction was applied to the present experimental Cf/2 and

Rx d.ata .

The comparison of the experimental Cf/2 and Ry deta wlth the
predictions of equations (10) and (12) was made in the same fashion.
The value of 'K was taken to be 0.352, independent of vg/u; and Rg.
One experimental point for each value of Vb/ul was then used to cal-
culate u'g and y',; and the product u'gy'pg. The laminar-sublayer
Reynolds number u'gy's found in this manner was then plotted as a
function of vo/uy;. It was found (see fig. 13) that the straight-line
relation

uley'y = 158.6 + 2.5(104) (vo/ul) (16)

fitted the celculated values with a meximm devietion of 5 percent. Con-
sequently, equation (16) was used in conjunction with equations (10)

and (12) to calculate values of cf/2 over the range of Vo/ul and Ry
covered by the experimentel results. A comperison of the values of Cf/2

calculated in this fashion and the experimentel values 1s shown in fig-
ures 9(a) and 9(b). The measured and calculsted values agree to within
the experimental error.

Tt is clear that over the Reynolds number range 5 X 102 S Ry S

3 x 106 or 1,000 S Ry S 7,000 and blowing-velocity-ratio renge

0 S vo/u; € 0.005, the mixture-length equations (10) to (13) may be
used to predict the measured local friction factors provided that the
laminsr-sublayer Reynolds number is permitted to vary with Vb/ul- In

order to predict cg/2 as a function of Ry, use equations (10), (13),
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(15), and X = 0.392. In order to predict cp/2 as a function of Ry,

use equations (10), (12), (16}, and X = 0.352. It is to be emphasized
that the experimental friction-coefficient dsts are less accurate than
the precision with which the mixture-length egquations fit them. At
values of vo/ul of 0.0035, the reported experimental coefficlents are

subject to errors of t30 percent and even larger errors are possible &t
values of v,/u; of 0.005.

Mixture-length-theory relations are a reasonsble fit of the measured
veloclity profiles over the lnner portion of the turbulent layer up to
values of Vb/ul of 0.005 1f the mix#ure-length constant K 1s taken to

be 0.400. However, such a fit demands that u,'y,' vary with Vo U1

and. possibly with other quantlities. The date reported here are not suffli-
clently accurste to permit the formmlation of a relisble method for pre-
dicting ug'yg,' for the purpose of calculating veloclty profiles.

The chief value of an essentially heuristic aspproach like that of
mixture-length theory is in correlation and extrapolation of experimental
deta. Over the ranges listed sbove, it 1s a satisfactory local-friction-
coefficient correlation method. It is known that in the no-blowing case
the mixture-length predictions hold up to Ry =~ 108 and that veloclty
profiles and frictlon coefficients as a function of momentum~thickness
Reynolds number Rg are reasonsbly predicted when nonseparating pressure
distributions sre imposed. It is likely, therefore, thet in the case of
blowing the mixture-length predictions will prove to be satisfactory at
higher Reynolds numbers and a fair spproximstlon when nonseparating pres-
sure gradlents are imposed. Experimental confirmetion of this conjecture
is needed.

Extrapolation to values of vo/u1 greater than 0.005 must be made
with caeution. The velocity-proflle dete suggest that at vo/ul = 0.01
a larger value of K 18 needed. An analysis based upon use of the

meesured velues of the boundary-layer thickness points in the same
direction.

The measured velaclty profiles determine the momentum thickness §
and the boundary-layer thickness ©&. Since & 1s difficult to obtain
guantitatively from profile data, it is convenient to replace it by 8,
the velue of y at which u/y = 0.990. Now, consider mixture-length

relations (11) and (12). Gloss over the experimental evidence that the
best £it of the veloclty profiles entalle somewhat different values
of K and u'py's than the best fit of the cp/2 and Ry data. Teke

K and u'gy'y to be independent of the type of data to be fitted.
Then, combination of equations (11) and (12) glves
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v

1 11 vo |2 1/2
%8 Y \* * wier/a)  2Kug (1+ yo_ul) - (1 + —0 )1/2 (17)

KRy

o U ce /2

ur

Now, introduce the definitions

gt = Pyee/2y (18)
n
at = B B | (19)

u
o ul@

5=y <1=0.99o) (20)
111 -
into equation‘(lT)- There results
. 1/2
- C
(1*3/15’)<2—f + u—;’_) v 1/2
= 2Ku (1 + -
wose K u1%*/2)
v, 1/2
1+ 0.99
uicy/2
-1 (21)
-
1+ o
ujep/2
But
1/2
1/2
T °'99uZ°/2 0.01 -2 3£ / 0.00 2 £
1% - - w 2 ~1 - i (22)
M Vo € V. C
. 1+-2.L 21+ Yo o£)
'llle/2 'U.l 2 uy 2/
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Combination of equations (21) and (22) gives

K

[(Cf/E) + (Vo/ulﬂ 1/

[(cf/z) + (VO/‘;l)] 1z

When the experimental velues of & are plotted es a function of 3, a
straight line of the form

(23)

5/8 =

exp

5 = 89 (2k)

represents the data for a Tixed value of vb/ul to wilthin the probable

preclsion of the measurements. This is 1llustrated in figure ik, The
slope of the line is a distinct function of v, /u; as shown as follows:

Vo/uq §/9 or slope 8 1/2 Mean value of K

0.001 8.0 8.7 0.h1
.002 7.5 8.1 A3
.003 7.0 7.5 Uk
.005 6.5 5.5 Ty}
.010 5.6 6.0 .58

The values of X / [-(Cf /2) + <"’o /ulﬂ 1/2 shown above were calculated from

equation (23) using the experimental velues of 5/9. The column labeled
"Mean velue of X" was calculated using the meen value of cp/2 of the

experimental data at & given value of vy/u;. The data for v,fu; = 0.005

show & trend with main-stream velocity. For run C-5-50, &/8 = 6.8; for
run C-5~20, 5/6 = 6.0. Runs C-5-30 and C=-5-40 lie within the above
limits. The value of §/8 of 6.5 given above is a mean of all runs at
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The table just presented indicates that & satisfactory correlation
of the experimental data over the range O < Vo/ul § 0.005 ghould result

if K is taken to be constent and independent of vo/u;. This is con-
firmed by the other comparisgons presented earlier. On the other hand,
the date at Vo/u; = 0.0l indicate that a larger mixture-length constant
is needed. The present velocity profile data at Vb/hl = 0.01 leave '’
much to be desired, however, and it is felt that both a check of these

measurements and additional measurements at high positive values and
negative values of vVg/u; are needed before a definite statement is

warranted.

CONCLUSIONS

An investigation of the effect on the boundary leyer of blowing air
through & porous flat plete into a main airstream flowing parallel to

the plate results in the following conclusions:

1. With zero FEuler number flow and constant blowing velocity, speci-
fication of the blowing velocity ratio vg/ujy and the locel Reynolds
number R, fixes the local dimensionless velocity profile and local

friction coefficient.

2. The present results indicate that blowing has & larger effect
on the boundary layer than that found in eerlier experiments. At the
same values of Vo/u; and Ry, the present experiments result in fric-

tion coefficients 15 to 30 percent smsller than those reported earlier.
The new measurements are belleved to be more reliable.

3. Within the blowing-velocity-ratio range O = v,/u; S 0.005 and
over the turbulent-flow Reynolds number range experimentally investi-
gated (5 x 105 SR, $3x 105 or 1,000 SRy S 7,000 where Ry is

momentum~-thickness Reynolds number), the mixture-length equations of

Rubesin. (NACA TN 33L41) sdequately predict the measured local friction
factors provided that the laminar-sublayer Reynolds nmumber is permitted
to vary with vo/ul. Equations are presented which predict the loecal

friction coefficient as a function of Ry for flow with zero Euler nmum-
ber and X = 0.392 and as a function of Ry with K = 0.352 where K

is the mixture-length constant. The experimental friction coefficients
are less accurate than the precision with which the mixture-length equa-
tions fit them. Extrapolation of the eguations to values of Vb/ul

greater then 0,005 must be made with caution. The velocity profile data
suggest that at velues of vo/ul above 0.005 the value of K i1ncreases
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with increasing values of vg/u;. It is likely that the mixture-length
predictions will prove to be satisfactory et higher Reynolds numbers and
to be a falr spproximation when nonseparating pressure gradients are
imposed. Experimental confirmstion of this conjecture 1s needed.

Mixture-length relations are a reasonsble fit of the measured veloc-
ity profiles over the inner portion of the turbulent layer up to values
of vg/u; . of 0.005 if K is taken to be 0.400. At larger values of

Vo/u1, larger values of K are indicated. In order to fit mixture-length
theory with the experimental profiles, ug'y,' must vary with vg/uy

and possibly with other flow varisbles. The present date are not suffi-
clently accurete to permit the formulation of a relieble method of pre-
dicting ua‘ya' for the purpose of the calculation of veloclty profiles.

Massachusetts Institute of Technology,
Cambridge, Mass., January 9, 1956.
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TARLE I.- SUMMARY OF EXPERIMENTAL VELOCTTY PROFILE MEASUREMENTS AND FRICTION FACTORS
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TAELE I.- SUMMARY OF EXPERIMENTAL VELOCIIY PROFILE MEASUREMENTS AND FRICTION FACTORS - Continued
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TABIE I.- SUMMARY OF EXPERIMENTAL VELOCITY PROFILE MEASUREMENTS AND FRICTION FACTORS - Concluded
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agpin-friction coefficients computed for thess runs showed erratic behavior and were at
times negetive; consequently, skin-friction coefficients for these runs are not reported.
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TABLE II.- EXPERIMENTAYL, VELOCITY PROFILE DATA

(a} Run C-0-50; vo/ul = 0; uy =50 fps; v, = O fps

u/ul for station® -

¥, in.
E G H I J K L M N

0.010 |0.435 [0.486 | 0.413 [ 0.352 | 0.347 | 0.365 |0.368 | 0.354 | 0.339
015 A7r b 535 500 4661 37 W47 | JBO4| L4331 (k09
.020 564 | 5931 .563 | .534 | 463 | W90 | 465 | 493 | 46T
.025 618 | 621 | 594 | .568 | .523 | 534 | .519| .529 | .506
.030 651 | 6h2| 616 | .59%| .559 | .555 | .542| .552| .527
.0%35 672 | 660 .630| .613| .579| .575 | .558] .570| .547T
.0Lko 682 .667| .Bh2| .626| .596 | .584 | .578| .579 | .560
.050 708 .686| .661| .639] .619| .608 | .595| .593| .580
.060 3L 705 675 | 658 .6k | .623 | .607| .61k} .590

. .070 53| .7ik| .682| .67L| .654h| .631 | .624| .629| .611

.080 7| 730 698 680} .670| .650 | .637| .636| .611

.090 JTOL | WTA3 ) L7099 | 691 675 662 | 643 643 .631

.100 808 | .751| .720| .700|) .681| .67L | .655| .655| .633

.150 Srry .81 765 .750 | 724 | .705 | .691| .690} .673

.200 93k 849 Bos5 | .78% | .759} .738 | .720| .718 | .T02

.250 973} .887| .8k2| .8Bi2| .786 [ .760 | .748| .738 ] .722

. 300 .088 | .920| .879( .837| .8i1r| .78 | .767] .78 .739

.350 991} .952| .90oh | .869 | .834| .809 | .78 .7718| .752

koo 995 | .973] .930 | .888{ .84k | .83 | .801| .82 | .775

500 | ~--—- 9935 .972 | .933| .902 | .845 | .841| .827| .805
600 | —meeem 1.000| .99% | .966| .9351| .880 | .872| .858] .83k
700 | mmmee | e | e 9861 .963 | .919 [ .g00| .888| .81
800 | cmemm | e | e 995 | .987 | .948 | .93%0| .911| .886
900 | emmm [ e | e 2o 998 | .970 | .952| .932| .897
1.000 | ccmmm | mmmen | e | meeem 1.000 | .991 | .970| .948 | .92k
1.200 | mmmmm | mmmme | e | e | e e 992 .980 | .953
1800 | mmmmm | e [ e e memmm e ] 999 | .993 | .976
1.500 | ——=mn el I B el B .997 | .99k
1.500 | —mmem | mmmmm | mmmmm | e el el EEE 1.000 | .997

2 x distances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued

(b) Run C-0-50; vo/ul = 0; u; = 50 £ps; v, = 0

u/ul for station® -

Yy, in.
E G E I J K L M N

0.010 | 0.43k 1 0.492 |0.383 [0.324 } 0.313] 0.354 | 0.325| 0.337 | 0.303
.015 S5l .s53 1 Lhek | k36 Jher | sk Jb19) L3371 LLo6
.020 603| .597| .53 | .507| .496| .507| .480| 4851 .h475
.025 639 626 | 568 .551| .533| .539| .515| .520| .505
.030 659 641 | .586 1| .573| .561} .551) .529| .537 | .519
.035 675 .658| .607| .597) .579| .57L} .550| .5h7 | .54k
.040 6921 .667| .619| .609| .587| .582| .562| .560 | .54T
.050 76| 686 .6hk | 632 .611) .60h| .586f .582| .573
.060 7371 701 | 660 | 646 626 .611| .601} .603| .589
.070 7581 .716| .673| .656| .625| .623| .613| .615| .60%
.080 750 729} 688 6731 .651 ) 643 624} .623 | .612
.090 91| .ThL | 698 686 .661| .650| .633| .635| .620
.100 Boé| 155 | 706 .696| .67h| 658 .6L4l| .652| .629
.150 BTl w797 756 | 736} .718) .699| .676| .675| .667
.200 931} 845 7951 LTTH| .752| 729 .TOM| 706 | .692
.250 961! .883| .83 1 .805| .78} .759| .734| 735 | .725
.300 9771 916} .865 | .837} .812] .780| .762| .756 | .Th2
.350 .98k | 946 | .B99 | .862] .837| .806{ .777| .767| .758
400 988} .970| .922 | .886| .861| .827}( .798| .794 | .772
.500 99k | 992 | .965 | .9%30( .90k | .987| .832| .823| .808
.600 998 .998| .991| .965| .939| .903| .870]| .855 .gzg

L7000 | —mmem .999 | .998 | .986| .970} .932| .898| .883 ] .

800 | =-~-- 1.000| .999 | .999| .986| .956) .92k| .906} .881

J"o.o JNN ENSSUPUSERY [NUUPIVIVEG, (PRI, [ 9961 .979| .95L] .928 | .903
1.000 | ===-- SR [ r— 1.000| .992| .967| .951L | .926
1.200 | ~-=--- R T IR B I .993| .980 | .960
J0 7o' J ST RNEUUI, RUVIVIUR DU OO |- 1.000| .995| .981
1,600 | ==mmm | cmmme | [ | e ————— | - 998 | .995
I o Yo T T B T B 1.000 | .999

@ x Qdistances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERIMENTAT, VELOCITY PROFILE DATA - Continued

(¢) Run C-0-60; vb/ul =0; u; = 60 fps; vy =0

u/ul for station® -
¥, in.
E G H T J K L M N

0.00%k |0.37210.350 | 0.328 | 0.279 | 0.306 | 0.297 | 0.291 | 0.283 | 0.277
.006 La7 | ko1 | 331 .309 | .33%30| .31k | .208| .286| .289
.008 Lok | 4531 381 361 374 .358 | .332| .336| .298
.010 599 | 493 | 437} 408 | .ho7| w06 376 .373| .390
.015 586 | .559 | .519| .488{ .ho1| .487| .h6O| .h62| .k61
.020 6261 603 | .556| .539| .5k0| .527| .503( 493 | .Lk95
.025 648 621 | .583| .56k | .561| .556 | .534| .530 | .528
.030 .672 | .637| .60%| .588| .579| .566| .551| .543| .543
. .0%35 683 | .657| .615| .597| .588| .583| .565| .564| .556
.0ko 696 | .668 | .627| .615| .600| .600| .575) .576| .56k
.050 724 | .688 | .66 | 636 | .622| 609 .501| .593| .585
- .060 Tl | L705 | 666 .6hT | 636 .626 | .60h| .609| .602
.070 762 | .76 | 676 .660| .648| 636 | .622} .616| .608
.080 T8 729} 686 .676 | .657| .652| .633| .627| .615
.090 99 | .7h2 | 699 686 | .676| .665| .640| .637| .625
.100 B13 | .7i9 | 703 | 6961 .685| .669 | .653| .646| .637
.150 889 | .805 | .756 | .Th1 | .728| .70k | .682| .684| .668
.200 Okl | 85 | L797 ) WTTR | 7T WTRTL T2 708} .69k
.250 97| 888 | .835 | .Bok | .78 | .759| .78O| 7351 .720
.300 990 | .925 | .867| .837 | .83 .784%| .759| .7TMO| .736
.350 992 .955 | .896 | .860 | .80 | .813| .782| .7t .756
.koo 995 | 975 | .925| .89%0 | .862| .832 | .803| .784| .775
.500 999 | 995 | .967| .93L| .903| .869 | .8%39| .828| .805
.600 |1.000 |1.000 { .988 | .964 | .939| .907| .868] .853| .832
700 | mmmmm | e 995 | .986 | .969| .938 | .ook| .880| .85
800 | mmmmm | e 996 | .996| .98} .960 | .924| .905| .879
2900 | mmmme | [ ameee 1.000 {1.000} .981| .952| .927] .905
1.000 |memme | mmmee | cmmme | meeem ——| .993| .968} .950| .91k
1.200 | —-mmm SRV | ——— | ———— 1.000 | .993} .978| .95k
IR 7o’c NN [PUVRRICUS DUVEVIPUS [UIVOVERES, |URESUN RSN [P 1.000|1.000| .978
L.600 |-mmem |=mmmm jmmmem | e B T [FSUSVOUR, [ .996
1.800 |-omom |mmmmm Jmmmmm fomee Jmmmee | s | e | mmmem 1.000

& x distances corresponding to lettered stations are listed in

. table I.
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TABLE II.- EXPERIMENTAL, VELOCITY PROFILE DATA - Continued

(d) Run C-1-50; vo/ul =1 x 1079 u; = 50 £ps; v, = 0.05 £ps

u,ul for station® -

E G H I J X L M N

0.004 | 0.37h [0.341 | 0.302| 0.263 | 0.286 | 0.276 | 0.250 | 0.253 | 0.255
.006 390 | .355 | .322| .37 315 | .299| .26h | .259 | .263
.008 dieg | 1ol 3651 .388 | 35T 334 303 .273 | .2T7L
.010 A80 | Lkt Lhok | L399 .383 | 378 | .33k | .315 ) .316
.015 556 | 5191 b0l 62| kil 436 .399 | .390 | .387
.020 589 | 552 .509| k95| 486 | k83| .hu6 | 436 | 431
.025 618 .579| .545] .526| 5081 .505| .JA7L| A7k | .L66
.030 639 | 596 .559| .ski| .527| .52k | 484 | .ok | k70
.035 655 | .620| .581| .554| 543 546 ) 498| .51h | k92
040 662 | .625| .588| .568| 5571 .552 | .512| .529 | .hk99
.050 689 | .6k7{ .609| .589| .576| .57L| .53L}| .543 | .535
.060 702 .663| .620| .6O4| .589 | .579| .58} .550 | .539
.070 722 | .678| .635| .618| .60T| .593| .566 | .565 | .547
.080 JTee | 687 J6hT| 634 623 609 .57T2| .583 | .563
.090 .T60 | 700}t .660| .645| .627| .620| .583 | .591{ .575
.100 761 72| 670 656 | 635 | .620| .B87| .598 | .591
.150 Bis | 760 .T19| .697| .68%| .666| .631L| .633 | .615
.200 9161 .812}| 760} .729| .7i%| .696| .66k | .662 | .643
.250 .962| .80 | .795| .767T| .753| .71L| .690| .692 | .672
.300 984 | .8} .83\ .797| .T72| -85 | .78} .710 | .698
.350 995 | .oou| .88\ .827| .797| .766| .T3%| .73T | .T708
BiTele] .99 | .950| .891| .857| .825| .790| .754 | .750 | .728
.500 | 1.000| .992| 943} .901| .863| .82k} .790| .T70 | .75k

600 | <-mee 999 | .979| .938| .907| .861| .825| .810 | .787
700 | ——mem 1.000| .998| .94 | .932| .893 | .85k | .84k | .816
800 [ wmmmm | e 1.000| .995} .970| .926| .882 | .870 | .835
p900 | mmmme | e | e 1.000| .989 | .952| .912| .8%0 | .859
1.000 | memmm | mmmem | mome ---==|l.000 | .971} .93k | .905 | .873
1.200 | ==ocu mmmme | e | e | mmeem 1.000 | .968 | .950 | .922
1.500 | <mcem e | mmmem | e SN [ 1.000 | .982 | .950
L.600 | cmemm | mmmme | o | o | mmmee [ e | e 993 | .976
1.800 | comme | mmmmm | mmmee [ mmme e e | e 1.000 | .991
2,000 | mmmee [ mmcoe | momme | e | mmmee [ e [ e -==== |1.000

8 x distances corresponding to lettered statlons are listed in
table I. _
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TABLE II.- EXPERTMENTAL VELOCITY PROFILE DATA - Continued

(e) Run C-1-305 vo[uy = 1 X 1073 uy = 30 fps; v, = 0.03 Tps

ulul for station® -
¥, in.

E G H I J X L M N -

0.004% | 0.313} 0.297| 0.288 | 0.238] 0.260 } 0.270 { 0.243 | 0.193 { 0.334
.006 329 302 3061 .279) .282) .277! .251| .23k | .3ko
.008 3671 3461 3171 .297] 297! .301| .270| .2Th4 | .358
.010 L2z 381 3551 303 30| .334 | .300| .208 | .M15
.020 Sho | .516| A4t6 ) s W32 Jbh6e | k29 JA1L | Jbs2
.030 63kl .597| .556| .535| .503| .512| .kgo} 470} .505
.0ko 6861 .627| .594| .562| .549| .sh5 | .517| .521f .527
.050 7ok | 668 .619] .606| .577| .568| .530| .540 | .535

- .060 727| 6701 .632 | .618| .597| .582| .546| .553 | .567

.070 .Tho| .695| .651} .623| .598| .609 | .56k| .568 | .576

.080 T72| .704| .665 | .6h6| .624| .616| .579| .588 | .570

- .090 780 | .714| .676] .665| .646} .617| .604| .588 | .585

.100 805 | .7T14] .671| .667| .650| .628| .592| .591 | .605

.200 933 | .812| .760| .738| .7i7| .68 | .653} .660 | .651

4oo | 1.000 9kg 896 .822 796 Th1 T31 733
500 | —=-=- 9801 .939 80| .86k 815 133 TS 755
600 | --=-- 1.000{ .965| .9k0| .903| .855 | .813| .792 | .769
J00 | mmmem | —meee 1.000{ .960| .930| .881| .84k} .818 1| .797
800 | —mmme | e | e .987| .950] .909 | .878| .843 | .820
=Yoo J (VST S R —— 1.000| .979| .937| .901| .875 | .850
1.000 | mmmmm | mmmme | e | —eme 1.000| .950| .911} .886 | .868
1.200 | ~memm | mmmme | cmmee | emeee | mmeae 1.000 | .957] .926 | .89k
100 To o N [NPUSUCEPIVIRY [PURVIVIN SEEPUIVENY VU, | 976 .963 | .93k
1.600 | cmmme | mmmmm ] e [ e | mmeem | —eeee 1.000| .989 | .958
1.800 | —====| === | === | mmmem | mmmmm | mmmmm | e 1.000 | .975
2.000 [ =====| mmmmm | mmmem fmmmme | mmmme | e | e | e 1.000

& x distances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued

(£) Run C=2-50; vofu; = 2 x 1073; u; = 50 £ps; v = 0.10 fps

u/ul for station? -

¥s in.
: E G B I J K L M N
0.004 | 0.299 | 0.304 | 0.281 | 0.231 | 0.262 | 0.236 | 0.235 | 0.234 | 0.257
.006 BT | .32k f L3033 | .77 .271 | .253 | .257 | .246 | .260
.008 368 | .362| .329 | .316| .24} .292| .268| .281| .267
.010 Jdo2 ) k1) 372l 35 0338 | .325 | .292 | .301 | .333
020 1 .525| .508 | .71} W7 JBi1 | ko5 | 0386 431 .395
.030 STh| 556 | 516 485 456 4T3 | Jhog | JLB6 | k61
.040 611 | 580 | .554 ) .s517| 488 | .ol | .46T| .507 | 496
.050 633 606 .567| .59 520 | .508 | .484% | .510| .514
.060 6561 .613 | .58%3 | .557| .534 | .522 1 .491 | .547 | .521
.070 677 634k | 600 | .5TT| 554 | 551 | 50T | .557 | .522
.080 696 | 652 | .616| .582| .559°| .548 | .532 | .547 | .548
.090 | .76} 664 | 619 | .599| .573 | 570 .527| .576| .545
.100 736 | 669 | 632 | .602| .583| 570} .534| .595| .567
.200 Bo1l 765 | .7a7l .690| 662} 643 | .613| .643 | .636
300 975 .82 .788 | .756) .728 1 .701| .667| .670 | .661
.400 995 | .926 | .83 | .819| .776| .654 | .702 | .711| .T01
.500 995 | .9TH | 915 .859| .819 | .691) .750| .T38 | .739
600 }1.000| .996 | 957t .90k | .864 | .79 | .781| .768 | .75k
TO00 | —mmem 1.000 | .992| .9k6| .899 1 .769 | .815 ) .784 | .T765
800 | mmmem | mmme 1.000| .975| .931| .810] .84 | .826| .796
900 j =mmmm Jemmem e 1.000{ .96%| .913| .89 | .842 | .81iT
1.000 | ===~ | ommee e | aeeam 976 .937| .896 | .861| .8%6
1.200. | =mmmm Jommen jammen b e 1.000 | .973 ] .946 | .912 | .868
L.UOO | mmmmm | mmmen e [ mmee [ meee 996 | .979 | .936 | .907
1.600 | mmemme | ommee [ e | mmmen | o 1.000 | .991 | .971 | .934
1.800 | mmmem [ mmmmm fmmmem | mmmmn ) mmee | e 1.000{ .990 | .967
=01 0 SN INSPRUYRIY [PUPRRS, [, OIS, [NUNOUNIN, S [ 1.000 | .990
2.200 | mmmmm Jommen | mmmee [ mmeme | mmeen [ e [ mmmee | e 1.000

& x distances corresponding to lettered stations are listed in

teble I.
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TABIE II.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued

(g) Run C-2-25; vofup = 2 X 1073; uy = 25 fps; Vo = 0.05 fps

u/ul for s’cationa -

¥y, in.

0.00% | 0.296 | 0.292| 0.307| 0.225 | 0.261 | 0.228 | 0.199 | 0.173 | 0.165
.006 2961 274 J3eh] 28| 273 W.2%9| .199) .13 .195
.008 314 | .338| 328 .225) 289 .228| .223| .15 | .182
.010 385 370 3361 250 .32k ) .288) .211| 234 .165
.020 500 | Jhuh| 381 .361] .396( W39 | .2u5] .2u5 | .239
.030 S| 5371 JLE8| 53| Ju6h | 46k ] 302 316 | .327
.0ko 635 | .589| .532]| 519} .518| 509 | .340| 340 | .376
.050 6681 6081 .550) 535 506 531 355 | Jhe | .383
.060 697| 625 S| ST3| 527| 53| 356 455 .389
070 2] .658| 6021 584 532 5531 390| 505 ] .he8
.080 .o} 6661 .620| .600) .557| 5TL| .382) 470 | Jho6
090 43| .680) .630| .618| 570} 578| k23| 505 | .ub8
.100 o8 693 .628) .622| Sok| 613 k| 510 Wbab
.200 888 .767] .720| .706| .661| .646| 508) 579 .526
« 300 60| 856 167} .77A] .7k 706 .583| .60k| .600
400 991 | .9ok| .838| .818} .7H8| .Th2| .637| 636 | .625
500 | 1.000}| .56 .879| .856| .819( .772| .681} .654 | .628

Iy (0[O TN J— 1.000| .956} .916 .877 LBu6 |l k| .T21 | .703

800 | mmmmm | e 990 5| 895 86k 777 .88 .T06

¢900 | wmmem | mmmaa 1.000} 973} .929| .876| .828} .752{ .T&7
1.000 | wmmem | comma | cmeae 1.000| .963| .900} .852| .812} .T60
1.200 | cmmmm | mmmem | e | e 992 960 .909| .822] .786
1.400 | mmmee | mmmee | e | e 1.000} .982] .937| .83:&| .867
1,600 | cmmmm | cmmmm | e} e | e 1.000| .964| .911] .877
1.800 | comee | cmeee SRVIRVRY (SVIVENIPRS VIR [ 1.000f .960} .90
2.000 | m=mmm | mmmme | memee | cmmeen | e | e | e 1.000 | .B7
2.200 | mmmemm | mmmee f memen | e ———— - .968
2,500 | memen | mmmme | —oeem m———— | ——— el ol e — 1.000

& x distances corresponding to lettered stations are listed in

table I.




36 _ NACA TN L4017

TABIE II.- EXPERIMENTAL VEIOCITY PROFILE DATA - Continued

(h) Run C-3-50; vo/u; = 3 X 1073; uj = 50 £ps; v, = 0.15 £ps

u/ul for station® -

Y, in.
E G H I J X L M N

0.00k |} 0.303 |0.317{0.276 |0.269 | 0.248 |0.232 | 0.221 [0.211 | 0.227
006 S37T | 381 3ok | 276 ) 248 ] oh8 | 235 | 221 | .229
.008 STTL 3671 329 317 251 ) .25 | .2uk | .227| .229
010 L0811 .388) 351 341 282 305 ] 267} 256 .2h4
015 L4681 56| Juok | 385 | .333 | .363( 31T | 301 .28k
.020 S506 ) JA490) L4390 ) M2k ] 36 ) 396 ) 358 ) 3321 339
.025 HS3k ) H16L H59F A453 ) 396 ) L4081 37O} 373 .361
.030 555 1 532 M| 46k | k21 ] JA433 ) .387 ) .399] 391
035 S6hk | Sh1f 500 A8 441} 453 401 ) Jh1T) LBOO
0k0 BH81L| 5541 510 490 | 443 | 459 F AT 435 WJh1d
.050 061 S) B26 | S5 | 4631 A4T3E 430 | Jubh ] 433
060 630 5831 541 52k | 483 | 406 | a6k | 46k 438
070 6521 605 5551 538 | 500 | S10| WJATH ] 4TI 451
.080 H69 1 6191 STO) SETE 509 S11| JuaTh | 483 458
.090 686 ) .631] B5T6] 566 522 521 488 493 | 478
+100 L7021 6381 SOk STHEY 535 | 533 492 503|493
.150 .89 6921 633 626] 576} 570 Sko| 5511 515
.200 B661 7381 672 65T 615 ] S| STO) STB) 5T0
«250 9271 .84l 706} 686 | 63Lh | 6281 591} 684 .586
«300 .9681| 822 .55 .79 O6TH | 6BS] 626 | 625) 599
.350 9921 859 .783| .72 | .703 1 .677| .652 ] .641| .620
200 | 1.000) 896} 818 773 .Te2 | .687] 659 | 659} .650

500 | ~mm-- Hh| BT 823 TTL| .T33| TO| 691| .672
600 | ~mm=- .989] .919| .870) 818} .70} .TW5 | .726] .TO
«T00 | ~===- 999 969 912} 860 | 806f .64 | 736 .T29
+800 | =~m=-- 1.000f .989| .952] .80 | B2} 803 | .TTO} .Th2
e900 | =mem- ~—=--}1,000} 972} .925 | .868] .831| .803} .T73
1.000 | ====- el BREEE 988 1 BT 03| 856 | .82k} .T89
1.200 | mmmme | momme | e 1.000 | .991 ) .953| .906| .869| .828
1400 | mmmmm | mmmmm | e | e 1.0007) .981| .937| .905| .866
1.600 | ~=mee | mmcem | e el 1.000| 977 | .94%1] .901
1.800 | ~mmmm | mmeee | mmman | cmae | e | mmmee 992 | 967| .926
2.000 | momea | mmmmm | cmmee | oo | e [ emeem 1.000| .988| .955
2.200 | mmmmm | mmmme | emmae | mmcae | emmee femmee | oaeee 1.000| .976
2.400 | mamma | memme | wmmme | cmmae | ameee | e | e | e «993
2600 | mmmmm | mmman | cmmme | e | e [ meee e | e 1.000

& x distances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERTMENTAL, VELOCITY PROFILE DATA - Continued

(i) Run C-3-33; vofuy = 3 X 10725 uy = 33 fps; Vg = 0.10 fps

u/ul for station® -
¥y, in.

E G H I J K L M N

0.00% | 0.279 |0.286 [ 0.269 | 0.241 |0.205 { 0.204 | 0.182 | 0.227 | 0.200
.006 309 | 298] .279| .259 | .236 | .2%0| .204 | .238 | .213
.008 bl f 317 285 W26k | 239 | .22k | 217 .255 | .237
.010 362 | .352 1 300 27h | 265 .22 235 275 | .237
.020 bos | k5T | Jhor| J371 ) .358 ) .350| 299 | .371| .306
.03%0 552 | 521 J468 1 ki | Jhak | ka6 | .361 (| k22| JLhO1
.040 591 | .552 | Jhok | 482 | U437 438 (392 .44k | Jh1d
.050 614 | 578 .536 | .500 | 458 | 62| 409 | 499 | .uhT
.060 634 | 593 555 .523 | 499! 489 | 429 | .509 | .hbk2
.070 62| 608 .560 | .534 | 500 | 498 | 434 | .525 | 463
.080 686 | 614 ] .583| .555 | .532 | .506| 456 | .538 | 497
. . . 568 | .526 | .520| k62| .538 | .507

.100 709 | 650 | 603} 578 | .552 | .54l | .uB2| .555| .505

. 200 855 .7ho | 677| 657 | 619 .599 | .560{ .597 | 577

. 300 957 | .88} .74 | .74 | 675| 655 .591 | .619 | .621

k00 992 { .887 1 .817| .758| .725| .702| 649 | .651L| .659

.500 999 | .om1l .86 .87 | .769| .737| .688| .68 | .68

600 [1.000| .987 | .917) .81 | .&&{ .772| .722| .7T25| .724

LTO0 | ——mmm 1.000 | .959| .892 | .860| .799| .748| .733| .Tk3

800 | —memm [ mmmm 991 .921 | .88 ) .8% | .78 | .753| .T52

900 | mmomm | mmeem 1.000| .95% | .915| .869 | .82 | .787 | .T77
1.000 | cmcmm [ mmmem | eemme 976 1 953 .882| .819| .8k | .79k
1.200 | mmmom fmmm el 1.000 | .990| .937 | .8719| .856| .828
1400 | mmomm | mmmmm | e [ e 1.000 | .967| .928| .896 | .859
1.600 | cmmmm e | mmeem ————— [ 1.000 | .969 | .93 | .89%2
1.800 | mmmmm [ mmmom [ 2o | e | e e 983 | .962 | .925
2,000 | ~=mem | mmmom | cmmme | e e e 1.000 | .979 | .946
2.200 | mmmmm | e | mmmem [ e e | e [ e 1.000| .978
2- )4‘00 ---------------------------------------- lo 000

& x distances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued

(3) Run C-3-1T; vo/uy = 3 x 10795 up = 17 £ps; Vo = 0.05 fps

ufu; for station® -

Yy, in.
B G H I J K L M N

0.004 | 0.326} 0.292| 0.279 | 0.221 | 0.249 | 0.191 | 0.263 | 0.216 | 0.172
.006 367 302 318 .218] .27i| 191} 272 | .214 | .233
.008 3341 03351 301 .282| 305 .216 | .227| .275| .275
.010 3571 310 306 262 259 .239 | 249 | .23k | .253
015 | bo6| .335( .332| .230| .287| .260| .305( .216| .222
.020 Aho ) .38 384 320 272 .292 | .323 | 234 | .237
.025 5101 WJb51) L3981 .398| 33T .32k | .323 ) 309 | .272
.0%0 5251 4851 Mk | 3921 .352) 331 .3381 324 | .293
.035 561 .517| 469 | b2 Jhoo| .382) 351 | .346 | 329
040 596 | Wsh7l 478 45T oo Jho2| 369 W399 | .378
.050 6311 .58 .527] .50k | .418) k27| Jh25 | 418} kO3
060 | 647l .625) 552 519 468 456 | W66 | Ls2 | L433
.070 6521 633 S5TL| BhL| LT 469 | 478 485 ( huh
.080 6731 6461 609 .559 ) 497 ].500 | JATL | 476 | 481
.090 L6811} .68 | .608| .568{ .s542| .515}) .48 | .509| .501
.100 JJol1| 626 585 | .591( .547| .525 | 488 .496 | .501
.15Q .7881 .694%| .650| .638| .605| .559 | .528| .519| .549
.200 .868| .731| .691| .6Ti| .619| .620} .551| .54T{| .5Th
.250 92kt 792 736 7051 660 645 | 592 | .620| .591
«300 954 | .799| .Th3| 694 | .68L| .657| .618| .611{ .628
«350 98| .85 .78 .732| .718| .669 [ .632| .628{ .617
100 983 .887| .8&6]| .770| .725| .669 | .66T | .64T| .624
500 .| .999| .916| .858| .810| .748| .732| .698| .655| .662
600 996 | .975{ .898( .8h2| .783| .73 | .739 | .682| .662
. T00 .999 | .98%| .917| .888| .815{ .780{ .ThT| .THL| .691
.80 | 1.000} .997{ .959| .918| .87} .82 .777| .7%8| .715

<900 | —=--- 1.000| .959| .946| .866( .8ubk| .822 ) .783| .Th3
1.000 | ===m=m | ==mm- .986| .965| .8&7| .879| .BO| .796| .TEO
1.200 | =mmem | mmmmm 1.000| 1.000| .950| .910| .8%6 | .829( .815
1.400 | cmmem | mmmem | mmmee | ameee .982| 9651 .91k | .862| .836
1,600 | mmmmm | mmmmm | mmmem | e 1.000 | 1.000 | .955| .891| .868
1.800 | mmmmm | mmmmm | mmmmm | mmmme | mmmee | e 9801 .931Lf .902
2,000 | === | ;e | e | e e e 1.000 | .966| .928
2.200 | -====- e Il [ B R el R 1.000 | .957
2,400 | =mmmm | mmmmm [ mmmem | mmen | cmmee e | e | e 985
2.600 | mmmmm | mmmmm | ;e | e | mmmme | mmmem | mmmem | eeeee 1.000

& x distances corresponding to lettered stations are listed in
table I.
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TABLE IT.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued
(k) Bun C-5-50; vo/u; = 5 x 10795 uy = 30 £ps; Vo = 0.25 £ps
ufuy for station® -
¥, in.
E G H I J K L M N
0.00% |[0.284 [0.299 | 0.286 |0.211 [0.222 [0.233 |0.206 |0.172 10.20k
.006 289 .305| .285 | .233} .238 | .240 | .203 | .18% | .21k
.008 308 | .37 .291 | .2h7 | .235 | .262 | .208 | .179 | .222
.010 339 | 338 ) .299 | .268 | .254% | 274 | .219 | .196 | .233
.015 389 | 386 | .3h2 | 298| .281 | .313 | .259 | .239 | .255
.020 A2 3] 379 | 3% | .01 | .3h2 | .282 ) .281 ] .269
.025 A60 | 438 | 392 | 355 | 321 350 | 300 | .30k | .288
.030 A82 1 4531 B18 ) 366 | BMh | 373 | JZAT7 ) 311 | .298
.0%35 501 | W67 W23 | L3809 W352 | W38k | 325 | L339 [ .331
.0ko 518 | | 435 Jbor| 3BT | 39B 1 339 357 | .3he
.050 538 | 506 .55 | k| .386 | .hi7 | .36 | 370 | .364
.060 564 | 523 | h68 | 438 | o6 | k27| 367 | 381 | 372
.070 588 | .530 | 483 | Mo | .48 .438 | .381 | .390 | .388
.080 Hb10 | sh2 | 493 [ w65 | b330 | Luh7 | .39k | .399 | .39T7
.090 622 | 551 | o9 | 2| k3 | .bs6 | koo | Jk21 | Lh15
.100 BbU3 | 566 | 516 | 482 | k61| W67 I ko3 | ko7 | o2
.150 26 | 6l2 | .555 | .52k | ho2 | 500 | 458 | JhTh | 463
.200 803 | .658| .59 | .558 | .539 | .534 | k88| .500 | .488
.250 868 | 7ok | 524 | .597| .570| .51} .515 | .524 | .516
. 300 921 | 738} 657} 630 .588 | .570 | 547 | .557 | .541
.350 962 | .15 | 695 | .653 | .620| .60k | 575 | .562 | .562
400 987 .815| .729 | 675 646 | .620 | .605| .588| .572
500 }1.000 | .884} .783 | .733| .687| .6h9 | .633 | .618 | .588
I <10 o N pu—— Ok2 | 843 | 775 729 685 | 657 | .6Bho | .632
OO | —mmmm .982 | .897 | .829 | .767| .T24 | .685| .67h | .648
800 | === 1.000} .9%39 | .868 | .808 | .54 | .713 | .696 | .673
c900 | memme | mceme o7 | 910 .B46 | 788 | .75 | .76 | .69
1.000 | m==e- —————] .99 | .939 | .880 | .817 | .764 ] .751| .T13
1.200 | =mmem | = 1.000 | .987| .943 | .870 | .815| .7T78 | .753
1400 | memmme | mmmme | ;e 1.000 | .986 | .916 | .867 | .83%0 | .784
1.600 | weeme | mmeem ————— e 1.000 | .958 | .908 | .866 ] .823
1.800 | mmmmm | mmmome [ mmmen | cmeee | e .987 | .94k | .910| .859
2.000 | =mmmm |memee | ceeee | m——— | a———— 1.000 | .972 | .929| .877
2.200 | mmmme | mmomme | ;oo e (e | ceeem .989 | .965( .921
-0 Voo SN [NCIVUVI, VSRV, RNV SV POV, - 1.000 | .982 | .g9h1
2,600 | memme | ;oo | ;cmmee | m;e—e [ ———— ————— | w—— 1.000 | .961
2.800 | memmm | mmmme | ;e e | mmmee | e | e | e .982
3,000 | me=m=- e ey e R T B 1.000

a
table T.

x distances corresponding to lettered stations are listed in




ko ’ NACA TN LO17

TABLE II.~- EXPERIMENTAL VELOCITY FROFILE DATA - Continued

(1) Run C-5-40; v, /u; = 5 x 1073; uy = 40 fps; v, = 0.20 fps

u/ul for station® -

Yy, in.
E G B I J X L M N

0.004% ]0.261 {0.292 [0.245 [0.213 {0.279 | 0.211 | 0.144 {0.188 | 0.000
.006 282 .320 | .224 | .215| .280| .207}| .175 | .201} .O78
.008 316 | 34k | L26h | 22| 200 | 213 | .178 | .202 | .203
.010 Bkl ] 361 268 250 | .299| .23k | .180 | .21k | .212
.020 A3%6 | JL4es | W343 | .308 | .329) .311 | .257 | .269 | .288
.030 A93 | 62 | 3okl 3T | 373 360 | 279 | 331 | .316
.0k G2k | koot k25| 19| .395) .380 | 300 | 348 | .338
.050 S46 | 513 0 50| 29| Jbo9| Jhkok | 333 | 363 | .362
.060 569 | .528 | 468 | M43 | 435 k12| 340 | 378 .381
.070 586 | .539 | 481 | 460 | b3 428 .3k7 | k12| .389
.080 607 55| Jhos | o JuTh | Jb58) 43T 368 | 416 | LOS
.090 6301 .559 | 511 492! L4651 W31 0390 | 4301 416
.100 6431 577 | 510 499 | B85 k62| .399 | .Lho| .46
.200 Boz2 | 666 | .58 | .578| .554| .55 | 453 | .51k | .48k
.300 012 | .732| .651| .635| .605| .560| .5%0 | .552| .540
400 9821} .820| .716| .691| .660| .610| .59 | .587| .56k
500 |1.000| .879| .787| .737| .699]| .650| .609 | .625| .600

600 | ==mm- 943 1 846 | 7oL | L7391 679 | 64T | .6MO| .631
L7000 | e .98% | .897} .834k| .769| .712| .678| .667| .645
800 | emmem 1.000| .935| .878| .803| .7h2| .700| .684| .675
«900 | wmmmm | cmme 9651 902 | 8% .782 | .730 | .722| .688
1.000 | wme=- ~——— .987| .936}| .872| .805| .759| .74l | .705
1.200 | cmemm | mmmem 1.000 | .991} .934| .86L| .803 | .777| .738
1400 | commn | memem em—== 1,000} .971| .915| .B40| .826| .T778
1.600 | commom | cmmme | mmmme | e .992| .95h 1t .888 | .861| .81k
1.800 | =memm | cmmme | e | e 1.000| .982| .934 | .899| .84
2.000 | =mmmm | mmmee | cmmee | mmmee | e IOTT| 961 | 934 .872
2.200 | =emem | cmmmm [ e | cmmee | e 1.000| .980 | .960}| .909
2-’-'-00 ------------------------------ 1.000 0982 0935
2.600 | =mmm= | cmm—- e | ——— m————| ——— m———— .995| .969
2.800 | cmem= | mmmmn | cmcme | e ————e | e ——m-= | 1,000} .977
3.000 | ===w- R T T B B Tl s .
3.200 | ~===- O Ty i e L N pryesen 1.000

& x distences corresponding to lettered stations are listed in
table 1.
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) TABLE IT.- EXPERIMENTAL VELOCITY PROFILE DATA - Continued

. (m) Run C-5-30; vo/u; = 5 X 10-3; u; = 30 fps; v, = 0.25 fps

u/u; for station® -

Y, in.
E G H I J K L M N

[0.00% |0.249 | 0.246 | 0.276 | 0.194 | 0.286 | 0.219 [0.139 | 0,184 | 0.19k

. 006 L2hs |l 270| 2h2 | 207 | J190 | 236 | 15T 184 | .233
.008 2h5 | 270 2531 229 A%kt 225 | 202 | .208 | 234
.010 LU5 1 302 305 .2h3 ] 218 246 | 208 | 207 .198
015 B16| 351 Bk | 301 | 23| 272 | 216 255 ( .23k
.020 389 JH1k ] J3b5 ) 328 242 .204% | 260 | 248 | .24k9
025 J33 1 U351 B3T9| 333 286 33T | 263 | 293 | 286
030 L4631 1| 392 381 W31l J360 | 309 | 311 | .298
.035 491 M479) 05 ) J3T0 | WB24 | 392 | 292 | 323 | 321
- .04ko A98 | U488 A3k | 396 329 379 318 351 | .32
050 5381 JAB | 451 Ahe3 ] 3T 392 | W333 1 .361 | 337
060 ST8( 519 A65 | 453 376 423 | 361 .39k | 363
- .0T0 HS93 1 536 | U486 460 | 38T) AhFL T 365 | 390 .365
.080 617 552 493 ) u6h | 435 435 ] . .
.090 B19 5581 507 485 Wbl ] LS | 391 ) JhOT7 | JbA3
.100 635 S5TH| B2l | L4761 JLhe | 487 399 [ JL408 | .397
.150 L8 6321 5551 518 Ahos | 480 | oo ) 448 | JLo6
.200 T79 | 6621 599 | Shg | 5221 SUE | AE6TE S500 | AT
250 Bhe | 8k | 27| 589 551 5541 511 515 | Lol
.300 898 | 734 6641 622! 583 | 584 | 539 | 527 | 504
.350 0| 786 T2 655 | 612 603 | S62 | 53T 521
400 970 .810] .732| .683( .650| .610| 587 | .572| .548
500 993 .863| .792( .728| .687| .6hO | .60k | .6O7| .586
600 |1.000| 932 | 841 .T7h | .728| 674 | 650 .633| .59

LT00 | mmmem 966 | 890 808 .52| .TOT| 672 653 .627
800 | wmemem 9% | .929 | .850| .793] .731| .700 | .68k | .646
900 | ==emm 1.000| .56 | 877 .819| .790| 739 T4 | .673
1.000 |=mee== | mcce- 9851 921 | 856 .805| .7h9 | .723| .685
1.200 | =wmmem | mmmem 1.000| .972| .918| .851 | .792 | T4 | .737
1.300 | ccmme | ccme | e 1.000| .98 .895| .840 | .820]| .776
2.600 | cmmme | e | e | memem 985 | o4k | 886 .860| .815
1,800 | memmm | mmmmm | e | mmem 1.000| 977 | .938 | .888 | .8k0
2,000 | =meomm | cocme [ cmmee | cmmee | e 990 | 967 | .927| .875
2,200 | mmmee | mmcme | cmmme | e [ mmemm 1.000 | 994 | 944 | ,905
2400 | mmmme | mmmee | cmmee [ e | mmmme | e 1.000 | .978 | .939
- 2.600 ----------------------------------- 1%7 .958
2.800 | meeme | mmmme | cmmee | cmmme | e | e | e 1.000 | .977
3,000 |[meemm | mmmme | ommme | cmmce e | mmee e [ e 1,000

& x distances corresponding to lettered stations are listed in
table I.
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TABLE II.- EXPERIMENTAL VELOCITY PROFILE DATA ~ Continued

(n) Run C-5-20; Vo/u; = 2 X 10'3; u; = 20 fps; vy = 0.05 fps

u/ul for station® -

¥, in.
E G H I J K L M N

0.00% |0.300 {0.226 |[0.258 {0.170 |0.217 |0.226 [0.152 {0.17h |0.191L
.006 321 | 261 ] 258 | 172 251 ) .226 ) 166 151 | .209
.008 334 | 261 303 | 192 | 2511 .229 | 186 | 120 | .209
.010 359 | 313 ok | 192 | 266 | 226 | 205 | .229 | .226
.020 A25 | 348 | 329 | 252 ) 281 287 .205 | .2Th | .256
.030 L90 | 434 ] 376 ] W336 | W320 | W313 ) 255 | W31k | .302
04O 564 | 480 [ 418 | .363 | 320 | 361 | .298 | .368 | .342
.050 ST9 | 506 | 438 | Jh0L | WBME | 391 350 | JA12 | W342
.060 607 | 532 492 | 411 | W397 ) k20| W35 | JA1T | JbO2
070 621 | 539 | 516 | JLug | W38T | Lu434 | 0396 | 434 427
.080 656 | JShT | 508 | 485 | JLu26 | U456 | 396 | A3 | K10
.090 669 | S47 | SO | 476 ] 435 ] 464 | JhOT | Jh26 | 418
.100 693 | 562 | 524 | S505 | JA52 | U456 396 | 460 | 428
+200 STOh | 65k} 612 ] 556 | 561 | 55T 4831 536 498
«300 879 | .710| 646 | 638 | 589 585 | 525 | SU6 | SLO
400 B | 85| L7007 | 67T 646 | 591 | WB6T| WSk | 592
500 |1.000 | 832 | B3| 723 | 68T | 623 | 628 | 590 | .623
600 [1.000] 906 86| T2 | .TO| 6T2| 655 | 609 .63L

cTO0 | mmmem | 965 | 856} 789 | .TH8 | 711 | 672 64O | 651

800 | mmm=- 1.000 | .899 | 841 | .789 | .T49 | .686 | .668 | .686

900 | mmmmm | mmmee JO17 | .887| .823°) .769 | .T19 | .TOL| .689
1.000 | =e==mm | ==—mm 95 | 91k | 865 | 7B | THO| STHBZ | .T25
1,200 | =mmem |mmeee 1.000 | .958 | .905 | .868 | .785 | .T59| .727
L1400 | ccmme | mmm | e 1.000 | .9%6 | .922 | .821| .812| .806
1,600 | mmmmm jomemm | mmmee | e 976 | 9431 BTL | B4k 792
1.800 | —=--- Bl Bt 1.000 | .990 | .908 | .868 | .854
2.000 | mmmme }omaea | —a——— e | —m——— 1,000 | .963 | .89k | .88k4
2,200 | mmmmm | mmmme | o [ mmeme | cmaee e 985 | 975 | .918
2400 | mmmme |mcmea | acmoe femmee | mmaee eeeen 1.000 | .961 | .Okk
2,600 | mmmme |mmmem | ———— ] eeeee e R 1.000 | .956
2-800 ---------------------------------------- -982
3,000 | =mmme |=mmen [ cmmee fomeee ommen | mmmee | cmee | e 1.000

8 x distences corresponding. to lettered stations are listed in
table I.
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TABLE IT.- EXPERIMENTAT, VELOCITY PROFILE DATA - Continued

(o) Run 0-10-26; vofu; = 10 x 10735 uy = 26 fps; v, = 0.25 £ps

ulul for station? -

¥, in.
E G H I J K L M N

0.00k | 0.297 [0.290 [0.280 |0.166 | 0.29% [ 0.174 | 0.157({ 0.151 |0.188
.006 259 | .298 | .323| .201| .281| .188| .17k} .145 | .218
.008 282 | 309 | .320| .169| .270| .161| .157| .1k7 | .218
.010 3ho | JZ22 | 306 190 .282| .198) .151| .1k5 | .210
.020 385 | .33%0 | 306 | .221| .287| .183| .18 | .179{ .~218
.030 A09 |t 330 | 339 223 .313| .e22| .o0L4 | .19h | .ohh
.00 A20 § 349 | 339 | 273 .30T7 | .247| .234 | .199 | .ouT
.050 A | 0391 | 320 | .284 | 326 .284| .234| .2h0 | .3he
.060 L4651 397 | 3581 .288 | .321! .299| .27i| .232 ) .351
.070 L4871 385 | 339} .312| 333 .299( .250| .254 | .350
.080 Lo1 | 3| .38 .332| 355 .335| .257| .258 | .361
.090 501 | W18 | .392| .354| .360| .3%0| .257| .272| .353
.100 530 | 459 | Lb09 | J3h2 | 355 .335) 250 301 | .366
. 200 47 | o.511 | e ) ko2 | Jhe2 | b5t L334 .337 | .385
.300 780 | 584 | 487 | 468 | .47k 50| .38k | .395 | .bi8

400 B854 | ehT | 58| .507] .503| 483 .hi7| .Lhez2 | .ho3

.500 .921 | .689 | .603| .555} .5k3| .511| 459 JLuh | 487

.600 972 | .Th6 | 652 | .602| 566} .539| .ko0| .46l | .48L

.700 | 1.000 | .80k | .68k | .640| .618} .s62| .527| .522| .509

800 | L.000 | .855 | .7Th5 | .672| .63k} .57Th| .552| .532| .527

.900 | ~---- 900 | .792} .703| .661| .611| .585| .562! .551
1.000 | —m=-- Ou3 | 828t .736| .702| .635| .613] .581L | .572
1.200 | ====w- .989 | .901| .B11| .753| .682| .655| .612| .583
1.400 | —=m-- 1.000 | .962| .878| .816| .719| .687| .652| .628
1.600 | —=ome |oeoe-m 999 | .923| .863| .7891 .Th9| .699 | .653
1.800 | —mmm= fmmome [ memee 971 915 | .833F .795| .T23| .698
2.000 | ~=--- mmm== }=m=m=|1.000}| .950| .87%| .812| .76k| .ThO
2,200 | —mmmm | ;oo [ | e .980 | .924| .856| .827| .755
2800 | comme | mmmee | e [ amee 1.000| .952| .909} .8k2| .801
2.600 | =emem | mmme- el I 972 .925| .875| .816
2.800 | -=--- c—eee | e SSUSPUN, [ 1.000| .952| .894| .8hg
3.000 | =emmm | —m——- e | e | e | e 973 .93%0| .870
3.200 | mmmm= | =mmmm e all IETEEE IEEE EEE 9871 .952| .901
3800 | mcmon [mmmmm | mmmme | mmmee | meeem ----=|1.000| .988] .928
3,600 | mommn | ommon | e | cmmee | ameee | mmmem | e 1.000} .949
3.800 | ~==-- el et It B e B R .986
e el el Bl el IEEEE EEEEEE R JE .991
£.200 | wmmem | omeme el e B I i el 1.000

a

x distances corresponding to lettered stations are listed in
table T.
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TABLE II.- EXPERIMENTAL VELOCITY PROFILE DATA - Concluded

(p) Run C-10-20; volul = 10 x 107%; u; = 20 £ps; v, = 0.20 £ps

ulul for station® -

¥y, in
E G H I J K L M N
0.004 | 0.265 |0.286 | 0.298 | 0.192 | 0.267 1 0.222| 0.143| O 0.200
. 006 2511 .300) .269| .192| .215 L2061 .13 093 A

.008 .322 | 307} 254 .211| .2s56 | .237) .165) .197| .115
.010 288 | .Zk| .ok .228f .280| .197{ .143| .180| .216
.020 348 | .326) .277| .27 | .29k | .265| 148} .180| .231
.030 397 | .339( 304 | .274| .322| .265| .165| .304| .200
.0ko Asho b o351 .32k | .29k | .338 | .278| .201| .30k)] .252
.050 A6k 03731 .381) .331| 338 .308| .185| 346} 216
.060 A6k | 0389 .381| .336 | 348 | .202| .237) .30k .2h5
.070 519 | Jhost .370] 348 .327| .285| .311| .336| .200
.080 519 | k29t 359 .369 | .316| .336| .274| .355| .283
.090 511 | .hes5| 386 .379| .368| .396| .298| .383| .20L
.100 She | oLuk3 | L3701 .358 | 378 341 .298 1 .365| .316
.200 656 | W47L) JAkO| kOO 439 375 .34L| .391 .393
.300 732 | .50k | 4581 LuMh | 489 | Wb | (363 .LkO| .361
400 819 | .576| .508| .sh1| .51k | 478} 415 k9ol .h32
.500 801 | .628) .5921 .575| .567| .510| .53 .5k2| .513
.600 Oby | .698| .625| .60k} .579 | .524f k75| .5h2| .548
.700 .963 | .7ho| .708| .638} .630 | .54k| .483| .517| .523
.800 .993 | .80} .72k| .682| .655| .563| .58L| .536| .566
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_____ 1.000 955 873| .779 722 705 660 688

__________ 1.000f .933| .854 | .783| .7h2| .716| .683
............... .965| .910| .818}| .785| .739| .726
............... 1.000| .952| .856| .802| .772! .T46
e | mmmm § e | e 982 .ook| .84kl .825| .779
____________________ 1.000°| 943} .905} .829| .808
_________________________ 972t .926| .87h| .845
_____ ceeme | mcmee | memee | mmme=[1.000| .962| .903| .868
------------------------- am—e=| .981] .943| .913
_______________ oo | mmmme | e [ 1.000| .968| .927
__________ e | e | eeme | e | mmem= | 1,000 | .966
--------------- commm | oo | oo | e | e | 98T
---------------------------------------- 1.000
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& x distances corresponding to lettered stations are listed in
table I. - '
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Flgure 1.~ Apparatus used in experimental work.
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Flgure 2.- Unlversal veloclity distribution for turbulent veloelty profiles near smooth walls

compared with present data.
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cients with correlated results of other workers.
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Figure 5.- Dimensionless velocity profiles.
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Flgure 5.~ Concluded.
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Figure 8.- Varlation of experimental local friction coefficients
with wvg /ul and length Reynolds number and comparison with

mixture-length theory.
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Figure 11.- Velocity profiles compared with mixture-length theory.
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